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ABSTRACT
This work can be devided into catagories, the first 
one being a study made on oscillatory Ettinghausen-Nernst 
and Hall effect in a single crystal of zinc under high 
pressure, the second one being a detailed study of the 
oscillatory galvanomagnetic effects in a single crystal 
of tin, at liquid helium temperatures. Therraomagnetic 
effects have also been shown to exist in tin but no quanti­
tative analysis has been made of these.
The influence of hydrostatic pressure up to 2300 psi 
on Ettinghausen-Nernst effect and Hall effect in zinc has 
been studied at 4*2°K and a magnetic field of 2 to 11 kilo- 
gauss. The period ( ^ s/Eq) and the amplitude of the oscil­
lations in Ettinghausen-Nernst effect have been found to 
depend upon pressure. The results are such that long period
*•* ̂ m  noscillations of 6 .2 8  x 10 gauss decrease by about 5$ 
when pressure is increased from 40 psi to 2300 psi whereas 
the amplitude of these oscillations increase with increas­
ing pressure e.g. for an increase of 300 psi, there is 
about 10$ increase in amplitude. This seems to contradict 
some previous results in zinc where an increase of pressure 
caused an increase in period and decrease in amplitude.
There is no evidence of phase change with pressure within
viii
the experimental accuracy of ± (.05)̂ /i. ■> All the
»
experiments in zinc were performed with the hexagonal axis 
parallel to magnetic field.
De Haas-van Alphen type oscillations have been dis­
covered in the Hall effect̂ , Ettinghausen-Nernst effect 
and thermoelectric power in tin. With the magnetic field
parallel to the tetragonal axis, the period of the oscillations
-1 —7 —1in H is 5.5 x 10 1 gauss for each effect. This is in
good agreement with the period reported by Shoenberg for sus­
ceptibility oscillations. The measuring apparatus was 
sufficiently sensitive that oscillations in each effect could 
be clearly observed at fields as low as 10 kilogauss. About 
one hundred oscillations have been recorded in the range 
10-17 kilogauss. In each effect, well defined oscillations 
are found to be superimposed on a large monotonic component.
The oscillatory term in longitudinal effects (magnetoresistance 
and thermoelectric power) has been found to be much larger 
than that of the transverse effects (Hall effect and 
Ettinghausen-Nernst effect).
Measurements made at several temperatures from 1.2° to 
4.2°K and fields from 10 to 18 kilogauss show the amplitude 
of the oscillations In each effect to be strongly dependent 
on temperature and field. By analysing the temperature and 
field dependent data of magnetoresistance in light of 
Zil’berman’s theory, Dingle temperature of 2 .2°K has been
Ix
estimated. From experimental data of the gross resistivity 
tensor and Hall angle (tan 0), the conductivity tensors
and €\\ have been evaluated. Field dependence of 
gross <5-̂  , tan 0 and conventional Hall coefficient R






Oscillations in the magnetoresistance of bismuth single 
crystals were first observed by Shubnikov and de Haas**- in 
1930. This observation led to the discovery of the oscilla­
tory behavior of the diamagnetic susceptibility known as 
the de Haas van Alphen effect.^
De Haas and van Alphen while studying the magnetic sus­
ceptibility of bismuth single crystals at low temperatures 
found that the susceptibility, i.e. the ratio of magnetisation 
to field was not constant as is usual for weakly magnetic 
materials but varied in an oscillatory manner with the field. 
The amplitude of the oscillations was observed to decrease 
with increase in temperature and in fact, the effect disappear­
ed completely above 30 to 40°k. Although the period is Inde­
pendent of temperature, It is strongly dependent upon the 
orientation of the magnetic field with respect to the crystal­
line axis. No fluctuations in the susceptibility are observed
■*-L. Shubnikov and W. J. de Haas, Leiden Comm. 207a, 207c, 
207d, 2 1 0a (1 9 3 0).
2W. J. de Haas and P. M. van Alphen, Leiden Comm. 20Sd, 
2 12a (1 9 3 0) and 220d (1933).
1
2
when the magnetic field is parallel to the trigonal axis.
At other orientations, the effect differs in details such as 
periodicity and number of oscillating terms. The oscillations 
increase in amplitude with the increase in field and decrease 
in temperature value.
It is well known now that most of the metals which exhibit 
the de Haas-van Alphen effect also show a similar oscillatory 
field dependence in their galvanomagnetic and thermomagnetic 
properties. The assumption that it is the behavior of the 
conduction electrons of these metals in the presence of a 
magnetic field which gives rise to this phenomenon suggests 
the appearance of similar oscillations In some of the other 
electronic processes. Oscillations periodic in inverse 
magnetic field at low temperatures have been observed in Hall 
effect,-̂  thermal^- and electrical^ magnetoresistance, thermo­
electric power^ and Ettinghausen-Nernst effect^ in various 
metallic single crystals. Some oscillatory effects i.e. 
magneto-resistance and Hall effect have also been observed 
in semi-conductors Ge?(germanium), in Sb^(indium antimonide)
3j. M. Reynolds, T. E. Leinhardt and H. W. Herastreet,
Phys. Rev. 21, 247 (956). See also Laird C. Brodie, Phys.
Rev. 21, 935 (1954).
P̂o B. Alers, Phys. Rev. 101. 41 (1956).
5j. Babiskin, Bull. Am. Phys. Soc. 1, 58 (1956).
Ĉ. J. Bergeron, C. G. Grenier and J. M. Reynolds, Phys. 
Rev. Letters, 2 (1959); C. J. Bergeron, Dissertation, Louisiana 
State University.
?G. Lantz and W. Ruppel, Physik. Verhanal, 6, 193 (1955).
Ĥ. P. R. Frederikse and W. R. Hosier, Phys. Rev. 108. 
1 1 3 6, (1957).
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and in As9> -^(indium Arsenide).
Very recently, some other oscillatory phenomena have been 
observed at low temperatures. D. H. Reneker^ 1 while studying 
the effect of a magnetic field on the ultrasonic attenuation 
in bismuth at low temperatures found the attenuation oscillatory 
and periodic in inverse magnetic field. Lastly, Asbel and 
Kaner^ 2 had predicted that it was possible to observe another 
type of cyclotron resonance in the presence of anomalous 
skin effect. Aubrey and C h a m b e r s - ^  performed the experiment 
on bismuth and found that the surface impedence was oscillatory 
in inverse magnetic field when the field was set parallel to 
the surface of the metal.
So far, susceptibility oscillations have been observed 
in 16 metals including graphite-^ and copper^ whiskers. At 
one time, it was thought that the monovalent metals (copper, 
silver, gold, etc.) do not show this effect on account of some 
fundamental rather than technical reasons. But the discovery 
of the positive though very small oscillatory effect in copper
9h . P. R. Frederikse and W. R. Hosier, Phys. Rev. 110.
880 (1958).
10R. J. Sladek, Phys. Rev. 110, 817 (1958).
U D. H. Reneker, Phys. Rev. 11£, 303 (1958).
12M. la. Asbel and E. A. Kaner, J. Exptl. Theort. Phys.
(U.S.S.R.), 20, 811 (1956).
I3j. Aubrey and R. G. Chambers, J. Phys. Chera. Solids
2 , 128 (1957).
G. Berlincourt, Phys. Rev. _£8 * 956 (1955).
15D. Shoenberg, Nature, Vol. 183. 171 (1959).
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whiskers by Shoenbery (.Jan. 1959) has now removed this 
suspicion.
The information regarding these measurements on metals 
has been described extensively by Shoenberg.^ Oscillations 
in the transport phenomena have been measured in 6 materials,
I.e. bismuth-1-?* zinc,-*-9 graphite,20 Sb.,21 Ga. , 22 and tin.
For tin, the longitudinal effects, i.e. the thermal and elect­
rical magnetoresistance, were first observed by Alers2  ̂while 
the other effects, i.e. Hall effect, thermoelectric power and 
Ettinghausen-Nerst effect, have been discovered by us and the 
detailed results of which are presented in Chapter 5.
II. General definition of the transport effects;
Following the treatment of J. P. Jan,2 -̂ the physical
quantities i.e. electrical (resistivity), Thermal conductivity,
Shoenberg, "Progress in Low Temperature Physics”
Vol. 2, North Holland, Amsterdam, 1957.
I. Verkin and I. M. Dmitrenko, Igvest, Akad. Nauk. 
S.S.S.R. Ser. Fig. 12, 409 (1956).
1$J. M. Reynolds, T. E. Leinhardt and H. W. Hemstreet, 
op. cit.
19p. B. Alers, op. cit. See also, C. J. Bergeron, C. G. 
Grenier and J. M. Reynolds, op. cit.
20t . G. Berlincourt and J. K. Logan, Phys. Rev. 22* 34$ 
(1954).
2lM. C. Steele, Phys. Rev. 22* 1751 (1955).
2 2J. Yahia and J. A. Marcus, Phys. Rev. 11}. 137 (1959). 
2^P. B. Alers, Phys. Rev. 107. 959 (1957).
2^J. P. Jan, Solid State Physics, Vol. 5 (1957).
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the thermoelectric power (the electromotive force associated 
with a temperature gradient) and the Peltier co-efficient 
(heat flow accompanying an electric current), are modified 
in the presence of a magnetic field. So for three different 
relative orientations of the fields and currents, i.e. long­
itudinal effects in a longitudinal magnetic field, longitudinal 
effects in a transverse magnetic field, and transverse effects 
in a transverse magnetic field, ther would be in general 36  
co-efficient of galvanomagnetic and thermomagnetic effects, 
from which only nine will be independent (in the isotropic 
case).
The transport phenomena of interest to us involve four 
vector quantities, F, J, G, and W, which we represent by 
their components in a cartesian co-ordinate system. Here 
Fi stands for electric field, Ji for electric current density, 
Gi for negative temperature gradient, and Wi for heat current 
density. The relations between fields and currents (i.e. 
generalized OhmTs law and law of heat conduction) have been 




^ ik: electrical resistivity tensor,
^ ik: thermal conducitivity tensor,
£ absolute thermoelectric power tensor,
6
TV Peltier tensor,
I chemical .potential of the electrons, 
e : electronic charge.
The indices i and k vary from 1 to 3* All the components 
of the above tensors are functions of magnetic field. But 
these components follow some reciprocal relations which follow 
from the generalisation of Onsager’ŝ ^ reciprocal relations. 
They are,
^ ik (H) * ^ki (-H) (3a)
**ik (H) » ^ki (-H) (3b)
T  £ ik (H) * H ki (-H) (3c)
Ideally speaking, these Eq*s are defined for an isotropic 
medium. But if there is enough symmetry between the system 
and the field and current vectors they can be applied to the
usual crystallographic systems as well. This is possible on
account of Onsageris reciprocal relations which require an 
isotropy in x-y plane only, if the field is in z direction.
In a quasi-isotropic medium in the form of a flat rectangular 
plate (as discussed by C. J. Bergeron in his dissertation) 
the isothermal and adiabatic states of the system are defined 
by Table 1.
















^  i s W  ,, *■ w & « o
3. Ettinghausen-Nernst
<ki
4. Thermoelectric power —
Jj_a J.AO
Gjja Gft — ©
W a - o
M  £«
£« - «» 
Wx= so
G^ = ©
£h+ ̂  ^iL 
A»l 
Wx*W* s 0
Here, we are modigying Eqs. (l) and (2 ) slightly as 
Ff ■ F i - a n d  F* stands for the negative gradient of the 
electrochemical potential of the electrons.
Sometimes, the Hall effect Is expressed differently, i.e. 
in terms of Hall angle (the angle between the current density 
and electric field vectors). From the convention of Fig. 1, 
this is given by:
ta/A <b =. Ei. -
F. "
(4)
Symmetry considerations show that 
etc. are even functions while *l41 , ̂ z.\ ect. are odd functions 




? AAzbel, et. al. expresses the electric and heat current 
densities in terms of tensoral relation with the electric 
field and temperature gradient. Under various physical con­
ditions, he demonstrates symmetry relationships between the 
components of the different tensors. Using scattering models, 
these components of the tensors are solved for in terms of 
the collision integrals. The electrical conductivity tensor 
^  , is defined by the matrix equation:
A A A A , ,S' S. = t „ S' = ?. (5)
and for a two dimensional case.
s;,*   ; S' = —
^  o  •* ovl t-i u
(6)
or
«.u = - £ i -------  \ . _J±«____  (7)* —< 2- j  I. * *•» . ,
<l*<. * St,
III. Various theories of galvanomagnetic and thermomagnetic 
effects:
The understanding of the transport phenomena has developed 
rather slowly. The earlier attempts to explain these effects 
met with partial success as they did not treat the oscillations: 
For example, Titeica2? investigated the theory of conductivity 
of metals in strong magnetic fields. Magnetoresistance results
Ia. Azbel, M. I. Kaganov and M. Lifshitz, J. E. T. P, 
1 , 967 (1957).
2?S. Titeica, Ann. Physik (5) 22, 129 (1935).
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Opin bismuth were explained by Davydoz and Pomeranchuk. ° More 
detailed analyses have been put forward recently in articles 
by Zil^erman,2  ̂Lifshitz,3°> 31 Argyres,32» 33, 34 and Adams 
and Holstein35 in which the oscillations are considered. A 
brief account of some of these theoretical attempts is given 
in the following.
A. Theories of magnetoresistance.
Any theory of magnetoresistance must be able to account 
for the experimental facts: (1 ) the change in magnetoresistance
is an increase and is about the same for both transverse and 
longitudinal fields, (2 ) it follows a quadratic dependence for 
small magnetic fields while it is generally linear for very 
large fields.
Most calculations take the case where P*H<< K T and so 
neglect the quantization of the electron orbits in a magnetic 
field. But at low temperatures and high magnetic fields, this 
condition does not hold any more. SommerfieldTs theory gives
Davydov and F. Pomeranchuk, J. Phys. (U.S.S.R.) 2 ,
147 (1940).
29g . e . Zilfberman, J. Exptl. Theoret. Phys. (U.S.S.R.)
29. 762 (1955), transl. Soviet Phys. J E T P 2, 6 5 0.
3^1. M. Lifshitz, J. Phys. Chem. solids 4, 11 (1958)*
33-1. M. Lifshitz and A. M. Kosevich, J. Phys. Chem. Solids 
it, 1 (1958).
3^P* jj. Argyres and E. N. Adams, Phys. Rev. 106. 900 (1956).
33p. jj# Argyres, J. Phys. Chem. Solids l±, 19 (1958).
3^P. N. Argyres, Phys. Rev. 109. 1115 (1958).
35e . n . Adams and T. D. Holstein, to appear.
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the final form of electrical conductivity 6**
v\ e. ul, (8)
where n is the number of conduction electrons per unit volume, 
and u is the electron mobility.
The free-electron theory as a first approximation gives 
zero magnetoresistance where in second approximation, it
which gives a quadratic dependence for small fields and a 
saturation in large fields. The constant c is found to be 
the square of u (mobility). The value of c agrees fairly 
with experimental values while the predicted constant A is 
found to be too small.
Usually a two band model consisting of two overlapping 
bands of normal form is used to interpret the experimental
results. This model gives a nonvanishing magnetoresistance 
for a transverse field while the one band model gives always 
a vanishing magnetoresistance as a first approximationo
leads to Frank*s formula^
(9)
Defining the electrical conducivities 6^_and each
band (of electrons and holes respectively) as
(10)
36N. H. Frank, Physik, 6/j,, 650 (1930).
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a pure geometrical calculation leads to an expression for the 
relative change in resistivity
^  _ e (.<?<, ‘ (1 1 )
\ +- -ffilfirl— - ^vt̂.-
-9?~ C.6tL*s'*.'>r' ê" v'f̂*where and ^stand for number of electrons and holes per unit
volume and e is the charge of the electron.
Here the expressions
tcxAA. <b — W  4? ■= —  — - H^  * -evv̂
have been used. Putting anĉ ^<2 = Vl*. = ̂
this gives
) n*" \ -2-vt. € /
1.
~ ^ a wc  (1 2)
which gives a correct order of magnitude of the effect. The 
two-band model leads to a dependence on magnetic field which 
is similar to Franks formula (Eq. 9). But for large magnetic
fields and for the case ^  ; the resistance tends
towards saturation while for v\t = vv^ , the resistance in­
creases quadratically as predicted by Kohler37 for divalent 
metals.
B. Earlier theories of the Hall effect.
A free electron model gives a nonzero Hall co-efficient
_ J
as a first approximation, i.e. K = “̂ T -- * This model also 
predicts in second approximation, a field dependence of the 
Hall co-efficient,
R  - t13)
I -t-c. H 7*
37N. H. Kohler, Ann. Physik £, $9 (1949).
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Here RQ is zero field value, and c is the same constant 
as it appears in Frank’s formula (Eq. 9)*
Unlike the simple model, the two-band model gives field 
and temperature dependent Hall co-efficient. Using the ex­
pressions of Eq. (10) for Hall angles of each band, the final 
expression is
o 6? _ <r£ fig-R = - - _l__ v\e. vtft, g■>______ Z5Z5EZZ  -------  (14)
e1" , -v- i.
The field dependence given by this Eq. is of the same 
form as that of free electron model formula (Eq. 13)*
Distinguishing the two cases, first for -̂s
field dependent but gives for small fields,
^  ----
e (15)
while for the case, vV = v\̂ =-v\ , the Hall co-efficient 
R is independent of H and can be expressed as
^ = -L ?*■ (16)
^  “i + nt
The Hall angle expression can also be obtained similarly 
from these considerations as
K g?
14
A similiar formula was also derived by B o r o v i k .38 Here 
also, the two cases, i.e. and = vy^ — vx t
can be distinguished. The first one gives, for small fields, 
the Hall angle as a linear function of field while for the 
second case, the Hall angle first increases linearly with H, 
then reaches a maximum, and finally tends asymptotically toward 
zero.
C. Theories of oscillatory phenomena.
The best approach for these oscillatroy effects exhibited 
by free electrons at high magnetic fields and low temperatures 
is that of a free electron model. Classically the electronic 
path in a magnetic field is curved with its projection at 
right angles to the magnetic field. But quantum considerat­
ions lead to the quantization of these orbits and so only 
certain radii for circular orbits are possible. Thus the 
kinetic energy of electrons in a magnetic field, in a plane 
perpendicular to the direction of H is quantified. Because 
of the quantization of the energy, all the physical quantities 
that depend upon the distribution of the electrons in the 
quantised . levels will oscillate upon a change in H. Con­
sequently, the magnetic susceptibility and the various 
transport phenomena will show an oscillatroy behavior as 
a function of the magnetic field. This holds both for free 
electrons and for electrons in a metallic lattice as well,
2%. S. Borovik, Zhur, Eksptl, Theoret. Fig. 2,3, £3 
(1952).
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independently of their dispersion law.^> ^
The theory of magnetic susceptibility at low temperatures 
(i.e. de Haas-van Alphen effect) has been developed by 
Blackman,^ P e i e r l e s s , ^  and Landau,^- M. Lifshitz and L. M. 
Kosevich.^ LandauTs formula is based on the assumption 
that the energy surfaces in momentum space are ellipsoidal 
in shape0 Such an ellipsoidal surface may occur where the 
Fermi surface overlaps a Brillouin zone boundary producing 
a ^pocket” of low effective mass electrons or holes. For 




where the subscripts 1, 2, and 3 correspond respectively to 
binary axis of type I, binary axis of type II, and the hex­
agonal axis. Here mj and are the effective masses per­
pendicular and parallel to the hexagonal axis, and E0 is the 
chemical potential measured from the bottom of the relevant 
zone in the case of electrons (or the top for the holes).
The theory predicts that the effect arises when and Kl
39r. Peierles, Z- Phys. £0, 763 (1933).
^G. E. ZilTberman, J. Exper. Theoret. Phys. U.S.S.R. 
2£, 313 (1953).
^M. Blackman, Proc. Rvy. Svc. A1 66. 1 (1938).
■̂2R. Peierles, op. cit.
^L. Landau, Z, Phys. 6^, 629 (1930).
^M. Lifshitz and I. M. Kosevich, J. Exptl. Theoret. 
Phys. (U.S.S.R.) 21, 83 (1957).
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** p "trare of the same order: '& =. _r-L- is the effective double* wi* c
Bohr magneton for electrons of effective mass m*. The favor­
able conditions for these effects are large magnetic fields, 
low temperatures, and small effective masses. The oscillations 
are periodic in H“^ and the magnetic susceptibility follows a 
relation of the type,
, (IS)
where "a" and "b" are temperature and magnetic field dependent
quantities, nan being a monotonic function of H; £  is an
adjustable phase factor; E0 is the Fermi energy, measured from
the nearest Brillouin zone boundary.
Wilson and Sondheimer^5, 46 have derived LandauTs formula
using density matrix formulation and the final form of the
first and the largest oscillatory term for the temperature
2.
range for which \ becomes
*o
(19)
Here w0 is equal to   • ' - • So the period of oscil-
latory part of susceptibility is ^ - A—  and it is
oscillatory in reciprocal magnetic field.
■̂5A. H. Wilson "The Theory of Metals" 2nd ed. Cambridge 
University Press, London and New York, 1954.
H. Sondheimer and A. H. Wilson, Proc. Roy. Soc. 
A2 1 0, 173 (1951).
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Recently many experiments have revealed the oscillatory 
behavios of galvanomagnetic and thermomagnetic effects in a 
number of metals. The oscillations are periodic in H” 1 and 
the period is found to be in good agreement with the values 
deduced from the de Haas-van Alphen effect, although there 
are some disagreements concerning the phase.
In their analysis of the electrical conductivity,
Lifshitz^O and Lifshitz and Kosevich31 relate the oscil­
lations in conductivity to the oscillations in magnetic sus­
ceptibility. Their work is based on an approximation in 
which the Fourier amplitudes of the velocity and collision 
operators are replaced by their classical values and in which, 
the density of states remains that appropriate to quantization 
in a magnetic field. Making this approximation, the authors 
find that the oscillatory term in the conductivity tensor Is 
proportional to the product of the classical mobility tensor 
and the oscillatory term of the magnetization. Lifshitz has 
performed a detailed analysis only for the case in which the 
scattering matrix is set equal to unity, i.e. under the assumption 
that the effect of collisions is such as to cause all elements 
of the density matrix to approach their equilibrium values at 
the same rate. This applies to elastic scattering arising 
from phonons or from the potential associated with a random 
array of delta functions. The results for a constant isotr­
opic effective mass agree with those of Argyres.^ This 
work also neglects the possibility of quantization in the
This paragraph is taken from an article by A. H. Kahn 
and H. P. R. Frederikse in Solid State Physics V.9«
presence of the electric field.
Zil'berman2  ̂has considered the thermoelectronic power, 
magnetoresistance and Hall effect on the basis of a two band
a strong magnetic field at low temperatures. He uses the
for the electron in the metal) so that the kinetic equation 
can be written in the usual way. Also, this allows the 
quantization to be preserved in spite of collisions with the 
lattice.
The current in the direction of the electric field Fy, 
(i.e. with reference to Fig. 1} is brought about by collisions 
of electrons with the impurity. At very low temperatures, he 
considers only the scattering by distortions of the lattice. 
Making use of the independence of the location of neighboring 
distortions, he calculates the matrix elements of the pertur­
bation and so solves the collision integrals. As such this 
expression is very cumbersome but he further simplifies it 
by using the assumptions
model using the tightly bound approximation of Peierls^? in






K t  ^
Here K represents Bohr magneton i.d.
in^ R. Peierls, op. cit.
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In the absence of a temperature gradient, Ziltberman calculates 
the two conductivity tensors and and the resistance in 
the magnetic field,^ - m .<
and _________________ — — — —  t (2 2)
c. c1" - N 7.')U •+ c. A
where L ^  f t _3_ A. H
* eVr___ _
and Vi- is obtained from by replacing mj by m2 and E0 by 
A0 - E0. N]_ stands for the number of electrons in first
(upper) band per cm^ and Ng stands for number of free states
in lower band (number of holes). The expressions for differ­
ent constants in Eqs. (21b) and (22) are
 ̂ z<^____  , T _ vo^ k t
1 ' /l»H
So for N]_ * N2 » increases proportionally to while 
for Ni N2 , saturation seems to result. Eq. (22) is valid 
only for strong fields.
Similarly, the ratio -̂/̂ i (first used by Borovik^ as a 
characteristic of the Hall effect) is expressed as
(23)
4-̂ E. S. Borovik, Doctoral Dissertation, Kharkov University,
1954.
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The Eqs. (22) and (23) are In agreement with the Borovik’s 
classification of metals according to the type of dependence 
of the resistivity and the Hall field on the magnitude of the 
magnetic field. For N]_ / N2, the magnetoresistance increases 
up to a saturation and.the Hall field is proportional to H.
If N]_ * N2, the resistance increases proportionally to H2 and 
the Hall field is very small. The oscillations of the resistance 
and the Hall field must differ in phase by and this has 
been observed In the experiments of Borovik.^ The applicability 
of the various phases of this theory of zinc and tin will be 
discussed In Chapter XV and V.
The investigation of thermal emf in a magnetic field based 
on the kinetic equation^ shows that the longitudinal electric 
field (in the direction of the temperature gradient) becomes 
much greater than the transverse when H is increased without 
limit (the ratio is of the order of Wt). ZIl’berman assumes 
that this conclusion is qualitatively correct for the case 
i although strictly speaking, the kinetic equation 
holds only for V\] X \ . The facts that there exists a
thermoelectric field In longitudinal direction even in the 
absence of a magnetic field while there is no such field in 
transverse direction, further justifies the above assumption.
With this assumption, Zil’berman finds the relationship be­
tween thermal emf and temperature gradient as
^9m. Kohler, Ann. Physik 6 , IB (1949)
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f = - ^  Tr (2 4)3 e
*where v-
-+---
This expression for g is for a single band while the two 
band model gives a rather complicated expression. Thus, the 
thermal emf must oscillate upon application of H like the 
other physical quantities.
Using Eqs. (23), (24), and Table 1, the components of 
the thermoelectric power tensor, under the assumptions that 
the Wiedermann-Franz law holds can be expressed as
£, = -  2= 3: ( l -*~rb 'i
* e v - J (25a)
and ^ 2., “  )
v l + +cjT4  /
(25b)
Similarly, the explicit expressions for the conductivity 
tensor 6 ^ 1 and ^21 can derived by using Eqs. (7) and (23). 
These tensors are:
(26a)
^  <26b>(_ I +■ cf> /
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Thus, the Zil’berman theory shows, both the galvanomagnetic
and thermomagnetic effects to be periodic in reciprocal magnetic
field. But the dependence of the amplitude of the oscillations
on field and temperature in both cases is slightly different
from that of the magnetic susceptibility case. By comparing
Eqs. (22) and (24) with Eq. (19), it can be observed that the
oscillating terms in galvanomagnetic and thermomagnetic effects
are — r and as compared with the corresponding
M K.T
term / \ ( v̂ t in expression for the
\ "kt ' /magnetic susceptibility.
Dingle^ has suggested some improvements to the theory 
and has shown that if collisions are taken into account, the 
de Haas-van Alphen effect should be "damped11 to an extent 
which increases as the collision time is reduced. So the 
actual temperature T in the exponential of the oscillatory 
term is replaced by somewhat higher temperature (T X) 
where X ;=• *— -— and here X  stands for the mean time3-T\ K ̂
between collisions. The parameter X sometimes is called the 
Dingle temperature. The collision time X  has been introduc­
ed just phenomenologically and its relation to the mobility 
relaxation time is not yet clearly understood.51 If the 
collision time X mentioned above is of the same order of 
magnitude as the one entering the expression for electrical
50R. B. Dingle, Proc. Roy. Soc. A211, 517 (1952)
5-*-R. J. Sladek, Phys. Rev. IQS. 590 (1957),
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•uvwcresistivity, i.e. \  — —  , then x is expected to vary
V\C.
proportionally to R. when slight impurities are added to a 
pure metal. Shoenberg has performed some experiments on the 
de Haas-van Alphen effect of some alloys of tin with small 
admixtures of mercury and indium. He estimated values of x 
by comparing field and temperature variations and found that 
x does change in direct proportion to the amount of impurities 
and also noted that neither the period (i.e. ^ / S 0) nor 
itself as deduced from the temperature variation showed any 
appreciable change with the degree of comtamination.
CHAPTER II
CRYSTAL GROWING AND EXPERIMENTAL APPARATUS
I. Growing single crystals;
A perfect, pure crystal would be the ideal working 
medium for the experimental solid state physicist. He is 
still far from having it, although much closer than he was 
a decade or so ago. One of his important activities is this 
very job of constantly improving the purity and perfection 
of his experimental media. Of great value Is a detailed in­
vestigation of some substance which contains specified im­
purities or crystalline imperfections that latter are shown 
to have a critical bearing on its behavior for different 
types of studies.
At present, several methods of growing single crystals 
are availabe and a good survey of these different methods 
is given in a book by Lawson and Nielson titled, "Preparation 
of Single Crystals" (Butterworths Scientific Publications). 
But for the zinc and tin single crystals used in the present 
study, a modified Brigman^ 2 method was used. This method 
has been very successful for growing single crystals of 
bismuth, zinc, tin, and lead.




The tin crystal was grown from tin rods supplied by 
Messrs. Johnson, Matthey and Company (London). As claimed 
by the Company, the spectrographic examination showed 
presence of lead less than 5 parts per million, bismuth 
less than 2 parts per million, and calcium and copper each 
less than 1 part per million. They also investigated the 
presence of other 45 possible elements but these were found 
below the limits of detection*
It is now understood that for growing a perfect crystal, 
thermal and mechanical fluctuations should be avoided. Such 
fluctuations can cause irregular growth and imperfections in 
the crystal*
The mechanical fluctuations, i.e. irregularities in 
the rate of rotation or pulling could be avoided by proper 
mechanical designing. But in the traveling furnace method 
used here, this was automatically avoided as the main tube 
carrying the crystal mold was stationary and the furnace 
was allowed to fall down from it.
The thermal fluctuations were eliminated by using a 
well-insulated furnace and an accurate control of the melt 
temperature. The furnace coupled to a synchronous motor, 
traveled at the rate of about 5 cm per hour, which gave a 
very slow rate of growth. This, in fact, is a very important 
consideration because the slower the pull-rate the more 
perfect would be the final crystal.
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Following the procedure reported by Ali,53 the main 
glass tube carrying the carbon mold had a very small opening 
of about 1 mm at the bottom. This idea due originally to 
Czochralski^ is particularly useful for growing metal 
crystals from the melt. Here, melt is attracted into the 
capillary tube, where it usually solidifies as a single 
crystal and this acts as a seed crystal for subsequent 
growth.
After two trials, the third crystal seemed acceptable, 
as a rough idea of the quality of a single crystal can always 
be had from the etch pattern of the surface. A polycrystal 
has several areas on the surface; each of which reflects 
light at different angles, whereas in a single crystal, 
maximum reflection takes place only in one direction.
Orientation of the main axis was determined by x-ray 
studies and the crystal was found to have its tetragonal 
axis (0 0 1 ) inclined at an angle of 5 6° from the normal to 
its plane. Also, the tetragonal axis was found to be direct­
ed 18° above the horizontal plane. So to bring this axis 
into the horizontal plane with the crystal mounted vertically, 
the original crystal had to be cut at an angle of 18° along 
the length of it. So accordingly, pencil marks were put on 
the crystal (keeping the most useful portion of the crystal
53̂S. A. Ali, Dissertation, Louisiana State University.
5^Czochralski, J. Z. Phys. Chem. ^2, 219 (1918).
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as judged by the etch pattern) and it was fixed in bakelite 
jig. The whole thing was then dipped in molten flourocarbon 
wax, (Kel 40 Jersey City, Chemical Division, Minnesota Mining 
and Manufacturing Co.). After the wax got hardened, a fine 
scratch was made along the sides of the jig and a few drops 
of nitric acid were put in it. This was repeated several 
times till the acid penetrated all the way through the 
scratch marks. The wax was then melted away from the crystal 
by placing it on a hot metal plate. After this, the crystal 
was etched in a dilute solution of nitric acid, and then 
flushed thoroughly with acetone and tap water. The final 
dimensions of the tin crystal were 11.0 x 6.0 x .35 mm. Fig. 
2 shows its dimensions and the orientation of the tetragonal 
axis.
As for zinc used in this study, it was cut chemically 
(as explained above) from an original crystal grown and
c ostudied by Ali.  ̂ After cutting, its dimensions were 22.0 x 
6.0 x 0.3 mm. The crystal was x-rayed again to make sure the 
singularity and the crystallographic orientations. It was 
found that the hexagonal axis was making an angle of 46° with 
the normal to the plane of the crystal.
II. High pressure system:
The aim of the first set of experiments was to see as 
what influence does a hydrostatic pressure of about 2500 psi







have on different effects (particularly Ettinghausen Nernst 
effect) in zinc. This order of moderately high pressure is 
easily available in the laboratory from the helium cylinders 
(supplied by Bureau of Mines, Amarillo, Texas through N.C.G. 
Company, Baton Rouge, Louisiana). So a system had to be de­
veloped to hold the crystal under this pressure i.e. a 
pressure bomb at liquid helium temperatures and also to make 
a pressure line starting from the gas cylinder up to the bomb.
The thickness required to withstand a pressure P for 
cylindrical shape bodies (using an approximate expression) 
is
t » D x P /2S" (27)
where <r is the tensile strength of the material and D is the 
inner diameter of the pressurized body. Taking a safety 
factor of about 10 and using the above expression for t, the 
bomb was constructed out of hard drawn copper tubing of 
thickness l/32 in., the l/ 4  in. stainless steel tubing of 
thickness l/l6 in., and the rest of the pressure line was 
made of 3/16 in. copper tubing of thickness 1/16 in. The 
pressure bomb was chosen to be made of copper (hard drawn) 
because of its very high heat conductivity and tensile 
strength at low temperatures.
To construct the pressure bomb, the lower end of the 
1/4 in. copper tubing was partially closed by pressing it 
against a blunt tool on the lathe. Then a screw was in­
serted and silver soldered to close it completely; while
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to its upper end, a brass flange was soldered. The bomb 
was suspended in the dewar from a stainless steel tubing 
(which also had a brass flange at its lower end). A gold 
'*0 » ring was placed between the flanges which were pulled 
together with $, 6 -3 2 machine screws thus forming a high 
pressure seal in the helium bath.
For the pressure line connecting the pressure tank and 
the bomb, we used a 3/l6 in. copper tubing with Swagelok tube 
fittings (Crawford Fitting Company, Cleveland, Ohio). The 
line consisted of a pressure gauge (Victor Equipment, San 
Francisco, Los Angeles) with input range 0 to 3000 psi and 
output range of scale as 0 to 1500 psi. Accordingly, there 
were two parallel lines up to a junction each with a Hoke 
valve (Hoke Incorporated, Salmon Road, Cresskill, New Jersey). 
So the bomb could be pressurized either to smaller range 0 
to 1500 by closing the other valve or vice versa. At the 
junction there was another small line with a Hoke valve 
which could be used either to evacuate the bomb or connect 
it to the atmosphere In case of high back pressure in the 
bomb.
III. Pressure seal:
A pressure seal was needed to take the continuous elec­
trical leads out of the high pressure and low temperature 
system (See Fig. 3) to the measuring equipment (at room 
temperature). The requirements of this seal are such that 
it should not damage the insulation of leads and should be
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able to withstand a pressure up to 2500 psi*
First of all, Kovar seals (Stupakoff Division of the 
Carborundum Co., Latrok, Pennsylvania) were tried but they 
were found unsuccessful, the reason being that it was almost 
impossible to soft solder these seals on a metal piece with­
out damaging them.
Then another kind of seal was tried which was made by 
sandwiching the leads between the Teflon sheets and pressing 
this sandwich between two brass flanges by means of 6,1 0 -3 2  
machine screws. This type of seal was used successfully a 
number of times, but it was very difficult to apply an 
optimum pressure on the sandwich, so as to make it a pressure 
seal, without breaking the leads. Also, these types of seals 
were found too cumbersome to use.
F i n a l l y ,^5 the problem was solved by passing the leads 
through l/3 in. o.d. copper tubing and sealing it with epoxy 
casting resin (Stycast 2&50 G. T. Emerson and Cuming, Inc., 
Canton, Massachusetts). This copper tubing is soldered to 
the upper flange of the pressure bomb (See Fig. 3)° Stycast 
2$50 G. T. was chosen as it has an excellent adhesion to 
copper and has an extremely low thermal expansion coefficient 
and low shrinkage during cure.
The epoxy resin was prepared according to the instructions 
bulletin. The interior of the copper tubing and the leads
55k . S. Balain and C. J. Bergeron, Rev. Sci. Instr. 30* 
1053 (1959).
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that were to go into the tubing were thoroughly cleaned with 
acetone and tap water. Then this piece of copper tubing of 
about 2 or 3 inches length was bent at several points to 
avoid the possible creeping of the resin under pressure.
The electrical leads were loosely put together and immersed 
in epoxy while being passed through the tubing. To make 
sure that the tubing was completely filled with epoxy, the 
low pressure end, i.e. upper end, was connected to a vacuum 
pump. Then some extra epoxy was added to form a cap on the 
high pressure side of the tubing. Finally it was left to 
cure for about 24 hours at room temperatures.
This type of seal has been used successfully up to a 
pressure of 2500 psi even at liquid helium temperatures.
In fact, the thermal shock of undergoing a temperature change 
from 300° K to 4*2° K several times did not effect the seal 
at all. Also, the seal did not damage the insulation of the 
electrical leads.
IV. Crystal holders:
A. Zinc crystal holder:- The crystal holder used for 
the pressure dependence studies in zinc is shown in Fig. 4. 
The lower portion of the .holder was machined out of an 
electrolytic copper bar. Its flat bed where the zinc crystal 
was resting has the dimensions 2S x 8 mm. A lucite rod long 
enough to reach the flanges of the bomb is screwed into the 
































bar and lucite are such that the holder moves freely without 
undue wobbling in the pressure bomb.
The crystal is kept in a fixed orientation with respect 
to the crystal holder by means of two clamps, a lucite one 
at lower end and a copper one at the upper end so that the 
upper end of the crystal is in direct thermal contact with 
a big mass of copper holder. This was done in order to make 
sure that the heat produced at the lower end of the crystal 
passed on to the holder with minimum heat dissipation at the 
sides. Thus the copper clamp at the upper end of the crystal 
was acting like a heat sink. The crystal was insulated 
electrically from the bar by means of a thin layer of fibre 
glass base insulator.
Originally all electrical leads, i.e. current, magneto- 
resistance and hall leads, were soldered to the probes (hard 
copper) with thermal free solder and the good electrical 
contact with the crystal was obtained through the phosphor 
bronze springs. But at low temperature (at 4*2° K), this 
sometimes resulted into very erratic electrical contacts.
So then, we had to go to all the soldered contacts except 
the one at the bottom. The heat was being developed by 
letting a current of the order of 1 ampere pass through one 
soldered junction and the other pressure contact at the 
lower end of the crystal.
As mentioned before, for the experiments in zinc, the 
magnetic field was making an angle of 46° to the normal of
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the face of crystal when the field was set parallel to its 
hexagonal axis. Thus the formation of an inductive loop in 
the longitudinal leads was necessary. By adjusting the area 
and orientation of this arbitrary loop, (on the crystal 
holder) a reasonably good compensation was achieved. The 
leads after leaving the crystal were glued to the holder 
and passed through the epoxy resin seal. After this, the 
leads were loosely wound together and this bunch was lowered 
down a few inches so that the leads were always dipping in 
liquid helium during an experiment. This was done to minimize 
the heat leak to the crystal from the atmosphere (through the 
leads). Then they were wrapped around the stainless steel 
tubing and were taken to the atmosphere through a rubber 
cork stuffed in a l/ 4  in. copper tubing (which was soldered 
to the big cap of the dewar flask). Finally, the leads were 
led to the voltage measuring equipment through a shielded 
cable.
B. Tin crystal holder;- The crystal holder used for 
galvanomagnetic and thermomagnetic studies in tin is the 
one used by C. J. Bergeron.56 This is shown in Fig. 5. He 
has given its description in his dissertation so I would not 
go into the details of it except to point out that in my 
case all the leads except one were soldered directly to the 
crystal. The potential probes were arranged the same way
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as for the zinc crystal and have been described before.
V. The magnet and the small voltage measuring circuit:
The magnet used in this study is the same one described 
by C. J. Bergeron.^ The pole faces were 4 in. in diameter 
and spaced 1 5/8 in. The control circuit used for stabiliz­
ing the current in the magnet is the one devised by R.
Beringer of Yale University. The details of its circuitry 
is given in S. A. Ali’s dissertation.
The two most important requirements of this type of 
study are steady and uniform magnetic field and a very sen­
sitive voltage measurement. As for the magnetic field, 
using the above mentioned control circuit, a field homegeniety 
of i 2 gauss was assured over the surface area of the crystal. 
The magnetic field has been calibrated in terms of current 
through the magnet by means of a proton resonance gaussmeter 
(Nuclear Magnetics Corporation, Boston 16, Massachusetts).
Fig. 6 shows the calibration curve of the magnetic field and 
it has been observed that the field is very stable up to 
about 18 Kilogauss.
For measuring very small oscillatory voltages, a circuit 
containing a Rubicon Microvolt Potentiometer, a Liston Becker 
d.c. Breaker Amplifier and a Brown Recorder were used. This 
is discussed fully by Ali in his dissertation.
Since the absolute magnitude of the voltages to be
j, Bergeron, op. cit.
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measured is of the order of a few millimicrovolts, great 
care had to be taken in the designing, assembling and fixing 
of leads to the crystal, thus avoiding the thermal and 
induced emf’s. Also, the leads were all Formvar insulated 
and continuous all the way from the crystal to the potenti­
ometer. Each pair of leads was wound non-inductively and 
placed in a common spaghetti and flexible metallic shield. 
This shielding and the shielding of the other measuring 
instruments had a common ground (water tap). With these 
precautions, it has been possible to detect on the recorder, 
voltages of the order of l/2 to 1 x 10“ ̂ volts.
During any field sweep, the value of the current in 
the magnetic field (or field value) was superimposed on the 
Brown Recorder by tapping a telegraphic key which energized 
an R C Circuit with a 45 volt dry cell. So at any time, the 
value of the magnetic field (with a small step) and the 
voltage (continuous) across the crystal were recorded simul­
taneously on the Brown Recorder graph.
CHAPTER III 
EXPERIMENTAL PROCEDURE
The first thing to do in getting set for any one of these 
experiments was obviously to clean the crystal and fix it in 
the crystal holder. The crystal was first cleaned with ace­
tone to remove impurities and grease, etc. from the surfaceo 
It was then etched lightly in dilute nitric acid (i.e. 1 part 
in 30-50 part of distilled water). Then it was thoroughly 
flushed with tap water and kept Immersed in acetone for a 
while. Sometimes, when the surface of the crystal did not 
look too clean and shiny, the crystal was laid on a smooth 
hard surface (say a glass lens slide) and was rubbed with a 
piece of cotton soaked in acetone. As mentioned before, the 
leads were directly soldered to the crystal in almost all of 
our experiments, so the soldering was always done before the 
cleaning up. Also, any subsequent unnecessary handling of 
the crystal was avoided.
The crystal was then held in position by being lightly 
pressed between the flat surface of the holder and an upper 
plate which was screwed to the holder at the two ends (in 
case of zinc, the upper plate was in two parts, the upper 
one of copper and the lower one of lucite). The other im­
portant object was to obtain good electrical contacts. The
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quality of the contacts could be judged easily by measuring 
the resistance of the Hall, magnetoresistance, and current 
leads. An unusually higher value of the resistance meant a 
poor contact (because of the contact resistance).
We learned by experience that the helium dewar flask had 
to be prepared for each new experiment. What happens is that 
after a few transfers of liquid helium, some helium gas gets 
absorbed in the glass walls of the dewar and thus spoils the 
necessary vacuum. f,o, about 24 hours before the start of the 
experiment, the vacuum space between trie walls of the helium 
dewar was flushed out with fresh air. In some cases (par­
ticularly in case of a rush), the inside of the flask was 
heated with a small heating lamp to force the helium into 
vacuum space to be pumped out. The flushing of this vacuum 
space was repeated several times and the last time it was 
done just about five minutes before putting in the liquid 
nitrogen in the outer (Nitrogen) flask.
About 6 hours before any experiment, the big pump pump­
ing on liquid helium bath and the d.c. amplifier were started. 
For the latter, this was necessary because It takes a while 
to reach its temperature stability. Also, the emffs of 
different batteries (6 volts) and dry cells In the measuring 
circuit were checked and the batteries were freshly charged 
if necessary.
For the pressure dependence of thermomagnetic effects 
in zinc, it was important to see also that the pressure
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equipment was working all right. Before starting the experi­
ment, the bomb was pressurized to the maximum pressure and 
the whole line was checked for leaks by closing the helium 
tank and waiting to see if pressure dropped off in the line. 
Then the bomb and the rest of the line was connected to a 
pump to let it evacuate.
Finally, the helium bath system was checked for leaks 
and if it was found all right, then it was time to precool 
the apparatus (i.e. by putting liquid nitrogen in the nitrogen 
flask). Usually the cryostat was allowed to precool in liquid 
nitrogen for four hours. Then the liquid helium transfer was 
made. For pressure experiments in zinc, during all this, i. 
e. precooling and transfer, a constant pressure of about 50 
psi was maintained in the bomb. Also the usual continuity 
checks of the leads were made just before and after the helium 
transfer. This was necessary because a large thermal shock 
could spoil the contact between the probes and the crystal.
Since all these effects in zinc and tin are very sensitive 
to the angle between the magnetic field and the main axis of 
the crystal it was very necessary to orient the crystal exactly 
in the magnetic field. This was accomplished by using the 
fact that there exists a sharp relative minima in the magnet- 
oresistance when the field is along the main axis. Therefore 
the magnet was placed in a direction which had been'visually 
determined to be in the neighborhood of the main axis and 
then, keeping the magnitude of the field constant, the
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direction of the field was changed by small amounts until the 
trace on the recorder showed a relative minima. This assured 
an accuracy of orientation within 1:0 .5°.
The leads were again checked for continuity and the 
field was turned on at its lowest value. As mentioned before, 
the magnetic field was calibrated against current in the magnet 
(with a proton resonance fluxmeter) and the current value was 
obtained by the voltage reading of a calibrated Rhode*s po­
tentiometer placed across a standard resistance. The current 
in the magnet was varied automatically by means of a motor 
driving a helipot at a desired speed. As the current in­
creased, its magnitude was signaled to the recorder where it 
was recorded on the voltage curve.
This was the general procedure for most of the experiments 
in zinc and tin except for a few additional steps, which will 
be mentioned along with the experimental results in the follow­
ing chapters.
CHAPTER IV
OBSERVATIONS, RESULTS AND DISCUSSION OF THE 
PRESSURE DEPENDENCE OF GALVANOMAGNETIC 
AND THERMOMAGNETIC EFFECTS IN ZINC
The magnetic susceptibility oscillations in zinc were 
first observed by Marcus^?* 58 .j_n 1 9 4 7, Since then, 
Berlincourt and Steele,59 studying temperature dependence 
of magnetic susceptibility in zinc, have reported that the 
period ( £*/E0) became temperature dependent at higher
temperatures. This sounded rather unusual as period is 
considered, theoretically at least, temperature independent. 
This means that there exists either temperature dependent 
effective masses or chemical potential or both.
The metals exhibiting the de Haas-van Alphen effect 
usually have high crystallographic anisotropy so that the 
application of high pressure will bring about changes in 
the period by changing the Brilliouin zone shape. The homo­
geneous compression of crystals or in other words, the in- 
homogeneous and large elastic deformation of the lattice, 
is one of the most direct methods of external action on the 
periodic electric field within the crystal, i.e. of affecting
57j. A. Marcus, Phys. Rev. 21, 559 (1947).
A. Marcus, Phys. Rev. 2k* 413 (1949).




the electronic properties of metals (conductivity, magnetic 
and galvanomagnetic effects, etc.). With these considerations 
in view, we desired to look for the effect of moderately high 
pressure (up to 2350 psi) on galvanomagnetic and thermomagnetic 
effects in zinc.
Primarily, for pressure dependence studies in zinc, we 
concentrated on Hall effect and Ettinghausen-Nernst effect.
This latter effect is particularly interesting and easy to 
study as it is purely oscillatory with little or no monotonic 
term like pure de Haas-van Alphen magnetic susceptibility 
oscillations.
OBSERVATION AND RESULTS
The trace of the recorder provided a continuous record 
of the various potentials as the field sweep was made. As 
mentioned before, the field value at a particular point on 
the record is given by the magnet current pips. The electrical 
current for Hall effect was of the order of +  .30 amperes, 
while the current in the heater for Ettinghausen-Nernst effect 
was +.25 amperes; thus producing a thermal current of the 
order of a few milliwatts. It was made sure during any field 
sweep that the current did not vary more than !%• However, 
all the data presented here has been normalized to the same 
electrical current or thermal current and same amplification 
for Hall effect and Ettinghausen-Nernst effect. Also, all 
these experiments in zinc were performed at 4 *2° K and with 
the magnetic field directed along the hexagonal axis.
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Fig. 7 gives a typical recorder graph of the Ettinghausen- 
Nernst potential for uniformally increasing field at 40 psi of 
pressure. In Fig. 8 Ettinghausen-Nernst voltage is plotted 
against for five different pressures, i.e. 2 2 5 0, 2 0 0 0,
1800, 1525 and 300 psi. The high pressure was built up in 
a slow step-wise manner by alternately opening and closing 
the valve of the high pressure cylinder. The same thing was 
done while reducing the bomb pressure to 40 psi again. Such 
a procedure avoided the possibility of mechanical shock to 
the crystal. The reproducibility of the data was always 
checked by taking the 40 psi field sweep twice i.e. before 
and after the bomb was pressurized to 2350 psi. The re­
producibility was found to be very satisfactory. An electric 
current of .2 5 amperes passing between a pressure probe and
a soldered junction at the lower end of the crystal (acting
as a heater) produced heat of a few milliwatts. With this 
heat current passing down the length of the crystal, the 
electric potential plotted on y axis of Fig. 8 was measured 
between the two Hall probes. All these curves at different 
pressures have been normalized to one amplification, i.e. 22 
division for 100 millimicrovolts and the one heating current 
of .25 amperes. A general idea of change in amplitude and 
period can be obtained just by looking at Fig. 8 .
1. Ghange in period, amplitude and phase:
It was the aim of the first set of experiments to evaluate 
the change in period of Ettinghausen-Nernst effect due to
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pressure. As discussed in Chapter 1 this effect is oscilla­
tory in H" 1 with a period ^ / E 0. To obtain values of g j EQ 
at a particular pressure, the usual procedure of plotting H""1 
at maxima (or minima) versus integers was followed. The slope 
and the intercept of the straight line so obtained with integer 
axis gave the value of period and phase. Fig. 9 gives such a 
plot of integers versus maxima. The period of the oscillations 
is given by the slope of each of these lines at a particular 
pressure while the phase is given by the intercept n0 with 
the H”  ̂* 0 axis, such that
©£,= 21Tn0 (28)
where fl̂ is the phase angle. The common intercept of these 
lines gives a pressure independent value of equal to 
(0 .9 2  ± .04) TT/ 2  f or a cosine oscillation0
In Fig. 10 the period versus pressure Is shown* The 
values of period at different pressures is given in Table II.
The value of the period at atmospheric pressure as 6.29 x 10“^^ 
gauss"! agrees fairly well with other investigations.^* ^
The size of the points in the plot of Fig. 10 gives the idea 
of probable error. The results are such that the period de­
creases as the pressure Is increased. Looking at Table II
6oP. B. Alers, Phys. Rev. 101, 41 (1956).
^E. S. Borovik, Igvest, Akad. Nauk S.S.S.R. Ser. Fig. 19. 
429 (1955).
^  This value was previously reported in error as 6.35 x 10"^ 
gauss"-*- In "Balain, Grenier and Reynolds, Bull. Am. Phys. Syc. 
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Effect of Pressure on the Period and Amplitude of 
Ettinghausen-Nernst Oscillations in Zinc.-
Pressure Period Amplitude (In
(psi) (gauss-1) arbitrary units)
Eq at H ■ 8 Kilogauss
2350 59-50 X 10“ 6 14.2
2025 60.00 X 10“ 6 12.7
1800 60.15 X 10“ 6 11.4
1525 61.00 X 10" 6 10.8
1000 61.45 X 10" 6 10.3
300 62.65 X 10“ 6 9.1
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and Fig. 10, this decrease in period with increase of pressure 
looks fairly linear within experimental accuracy.
Another significant change in Ettinghausen-Nernst effect 
brought about by the pressure is that the amplitude of the 
oscillations increases remarkedly with pressure. This is 
well illustrated in Fig. 8. The three curves on the left 
and two on the upper right in Fig. 8 are drawn with arbitrary 
units for the Ettinghausen-Nernst voltage (all for the same 
thermal current) versus The bottom curve on the right
shows the envelopes of maxima at all pressures drawn against 
H”l. To give an idea of the change in amplitude with pressure, 
a pressure difference of 250 psi produces about 10% increase 
in amplitude. Table II gives amplitudes at different pressures 
for a field value of 8 K.G. But this seems to contradict some 
results in zinc by Russian authors^> 63 where an increase of 
pressure caused an increase in period and decrease in ampli­
tude. Their experiments were done on magnetic susceptibility 
with hexagonal axis inclined at an angle of 20° and 30° with 
respect to the field. Our results are apparently In line 
with those of Bi^- which are of opposite sign and so qualit­
atively agree with the "holes" behavior of zinc and the elec­
tronic behavior of Bi. Berlincourt and Steele^ t while
62b . I. Verkin and I. M. Dmitrenko, J. Exptl. Theoret. 
Phys. (U.S.S.R.) 21* 291 (1958).
63i. m . Dmitrenko, B. I. Verkin and B. G. Lagarev, J E T P
21 (8) No. 2 (1959).
C. Overton, Jr. and T. G. Berlincourt, Phys. Rev. 99. 
1165 (1955).
^J. g . Berlincourt and M. C. Steele, op. cit.
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studying the temperature dependence of magnetic susceptibility, 
observed a decrease in period with a decrease of temperature. 
This coupled with the fact that they also found an increase 
in amplitude with a decrease in temperature implies that 
perhaps an increase in pressure has the same effect on different 
de Haas-van Alphen parameters as does the decrease of temper­
ature. This means that an increase of pressure has a cooling 
effect just as lowering down of temperature does by moving 
the Brillious aone boundary a different amount in k-space 
than the highest occupied Fermi-level thus resulting in a 
net change in the depth of overlap of energy surfaces. If 
this is the case, then Berlincourt, 00 etc. results are also 
in agreement with ours.
We have no satisfactory explanation for the conflicting 
results by Russian authors.°7* Maybe the high pressure 
obtained by ice bomb technique has something to do with It, 
as a very high pressure of 1700 atmospheres so obtained could 
be highly anisotropic. Another remote possibility can be 
that the slope of the period ( versus pressure changes
sign between the two ranges of pressure.
No change in phase was detected within a possible error 
of i  (. 04) TF/2 while a change of phase has been reported 
in bismuth.^9
6 6Ibid.
°?B. I. Verkin and I. M. Dmitrenko, op. cit.
6%. M. Dmitrenko, B. I. Verkin and B. G. Lagarev, op. cit.
^W. c. Overton, Jr. and T. G. 'Berlincourt, op. cit.
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II. Discussion of decrease of period with pressure;
We have tried to make some calculations in order to 
justify the above results. They are very similar to the 
ones made by Berlincourt, etc.70 for the effect 6f temper­
ature on different parameters in zinc. The observed decrease 
of the period with pressure can be explained mainly from the
change in the overlap of the Brillouin zone by the Fermi
surface caused by the compressibility of the crystal when 
the pressure is increased. Using the mean value of E0 
(chemical potential) from the results of Donahoe?! and 
Mackinnon72 as 4*1 x 10“^ ergs or 0.026 ev at 4.2° K and 
^ (Fermi energy) as 11 ev at room temperature, the ratio 
E0/^ is
JBs  ^  O . O l t  _  , .“jT =   p p 5  S- (29)
If ^  is taken for a Fermi shpere as a first approximation, 
then ^ is proportional to n2/3 (n being the density of valence 
electrons)•
Also nV » K so that dn/n ■» - dV/V where V is equal to •£,
so ~ = “2/3 dV/V h - 2/3 ) (30)
But E0 ~ ^  -A0 where A0 is the energy given by the 
position of Brillouin zone boundary in k (momentum) space.
70J. G. Berlincourt and M. C. Steele, op. cit.
7i-F. Donahoe, Annual Report, Contract A T - 30 - 1 - 597, 
Univ. of Pennsylvania.
72L. Mackinnon, Proc. Phys. Svc. (London) B62, 170 (1949)-
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Most probably the overlap is in a direction perpendicular to
the hexagonal axis. So as a first approximation, we can
write
-2. cs. - 2. iit (31)
'I Aa k *
But i!° _ J 1 dLAo . S o using Eq. (30 and (31),
, S  S ' "5we have
= _ k. z , it.
1  3  t, 5 T *  T
oti
-  =  *  ( it.
it
° 3  E ° 3 E „ l  P. - X ’ )
(32)
Using B r i d g m a n ^73 data of the coefficients of compressibility 
in zinc at 75°C and 30°C and then extrapolating it to liquid 
helium temperatures (assuming linear relationship), we get 
at 4 .2°K
d- t3
~ ~  ^  o,twos|jlve(ue
73p. w. Bridgman "The Physics of High Pressure" (London, 
G. Bell and Sons, Ltd. 1931).
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ck ̂  i  ̂a '2- |s<zn. a_fc-wvos(p^'v®-,"l-c-T
Therefore,
^  " \  \  O  V = > C J > -  e3t t - W \ o s | = ^ ' ® : r i £ -as. „ _<5_ /_ , . ^ +  < 0 * 9 '° P
E-o s 2-’2>
S. \QW ^  ^ . O G  % 4 ^  ~  V ^ ssurv^  °f
l o i .  M3 o o o  |=s8
Hence
, / £  ^  ^  ^  ^ _  3 . 0  6 "7*
^  ; - T "  ~ ^
which should be equal to the experimentally observed value 
of decrease in periodc The experimental value for 2000 psi
is about 5% decrease. So the calculated value falls fairly
close to the experimental value, if we also account for a 
relative decrease in (i * with pressure (by about 1 to 2% 
for a pressure of 2000 psi). This decrease of £ * with 
pressure is discussed in the following section. But due to 
lack of data on the compressibility of zinc at low temper­
atures, the above calculations should not be regarded too 
conclusive.
III. The field dependence of amplitude:
According to Zil,bermants and Landaufs theories i.e. Eqs.
(1 9 ) and (24), if a is the amplitude of the oscillation, then 
c
a, H oC K t / £ H )   ̂ ^
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Here c is a constant equal to 3/2 from Landau*s theory 
and c is equal to 1/2 from Zil*berman*s theory. So if plots 
be made between log]_Q aHc and H"̂ -, straight lines should follow. 
But the value of c as obtained by different authors is vastly 
different. In our case, with the conditions of our experiment 
for Ettinghausen-Nernst effect as mentioned before, the value 
of c as 3 /2  gave the best fit {except a few points at very 
low fields where the uncertainty in measuring the field as 
well as amplitude value was rather large). This is Illustrated 
in Fig. 11.
TL *
Thus the slope 2.TT KT̂ /Pof a straight line at a particular 
pressure should give the value of at that pressure. Fig. 
(1 1 ) also shows that the slopes of these straight lines in­
crease slightly with the increase of pressure. So the value 
of £ * so calculated decreases by about 2% for an increase 
of 2000 psi of pressure.
As pointed out by Reynolds,etc. the Dingle?5 factor, 
i.e. collision broadening of the electronic energy levels
which reduce the amplitude of the oscillations by a factor 
9 *exp(-2Tf kx /pH) should be brought Into the calculations.
Here x is the effective temperature related to the collision
time. i.e. X  = — -4---
X T T  K T
where TL is the collision time.
74-J. M. Reynolds, H. M. Hemstreet, T. E. Leinhardt and
D. D. Triantos, Phys. Rev. £6 , 1203 (1954)*













4323 0 0  psi





CX H OC ■€.
^  ( T - X )
3/i- i_ , .H oo -eŷ  ( _ ^  k  -f ^cx_
(33)
where T* * T +1, i.e. T has been raised by an amount X and
so T* is the effective temperature.' Hence, slopes of the
3f2 tstraight lines between log0aH and H"-1- should give the value 
of at T* for a particular pressure assuming that Tf is 
pressure independent, at least for the moderate pressure with 
which we are working.
So using the value ^*/E0 at 300 lbs and substituting 
the value EQ = 4 .0 5 x 10" ̂  ergs for zinc as determined by 
Donahoe-^ and Mackinnon, p, * at 300 lbs is found. Adjusting 
this value of. in the above calculations of field depen­
dence of amplitude, T* is calculated. The value TT = 7-8 K 
as calculated by this scheme sounds rather large at a first 
glance. But this high effective temperature is greatly 
justified by rather qualitative considerations. C. J. 
Bergeron,^ studying Ettinghausen-Nernst effect in a similar 
zinc crystal (in fact, both his crystal and mine were cut 
from the same original one), noted a large second harmonic 
(double peak system) and also noted that this second harmonic
V^C. j. Bergeron, op. cit.
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decreased with increase of temperature. Looking at Fig. 7 
in our case at 4*2 K, the second harmonic is rather negligible 
as compared to C. J. Bergeronfs case at 4*2 K. So diminish­
ing of this second harmonic speaks of the fact that the 
effective temperature of the crystal is higher than 4*2 K.
This may be on account of the impurities present in the 
crystal.
No attempt has been made to calculate (3̂  (or m*) and 
E0 as they vary with increase of pressure.
IV. Pressure dependence of sign reversal of Hall effect:
Theoretically, the sign reversal of Hall effect as re­
ported by Borovik"^ and Ali^ is another very important 
quantity. So it was considered worth while to see how an 
increase of pressure influences the magnetic field value at 
which the sign of the effect is reversed from positive to 
negative. This would tell us that the effective carriers 
have changed from "holes" to electrons, i.e. both the magnitude 
and sign of carriers has changed.
Somehow, the reproducibility of data in this particular 
case was not too satisfactory. But there was enough evidence 
to show that the increase of pressure had a tendency to shift 
this field value (at which change of sign of Hall effect takes 
place) to a higher one. For example, at atmospheric pressure,
7?E. S. Borovik, o p . cit. 
7Ss. A. All, op. cit.
63
this field value was 4«2 K. G„ while at 2350 psi, it increased 
to 5*25 K. G. But for lack of proper theoritical work, any 
quantative analysis of this effect was not pursued.
V. Summary:
The findings of this study in zinc as influenced by 
pressure may be summarised as:
1 ) There is definite evidence that the period (3. */E0 
of the Ettinghausen-Nernst oscillations in zinc decreases 
with increasing pressure. The decrease in period is about 
5% for an increase in pressure of 2000 psi and the change 
is fairly linear in this range of pressure.
2 ) The amplitude of oscillations in zinc increases with 
increasing pressure, e.g. for an increase of 250 psi in pressure, 
there is about 10% increase in Ettinghausen-Nernst oscillations. 
The increase in amplitude is also observed to be linear with 
respect to the increase in pressure.
3) Within experimental accuracy, no change in phase with 
pressure was observedo
4) The increase of pressure tends to shift the magnetic 
field at which the Hall effect reverses its sign (from plus 
to minus) to a higher value.
5) For the field dependence of amplitude of oscillations 
in Ettinghausen-Nernst effect, Landau’s expression for the 
field dependence (i.e. H"̂ -1-2) seems to give better straight 
line plots than the corresponding expression of Zil’berman 
(i.e. .
CHAPTER V
OSCILLATORY GALVANOMAGNETIC AND THERMOMAGNETIC 
EFFECTS IN TIN SINGLE CRYSTAL
I. Introduction:
The de Haas-van Alphen effect in tin was discovered by 
S h o e n b e r g ^  in 1949. He made most of his measurements with 
the crystal suspended with its tetragonal axis horizontal and 
a binary axis vertical. The most striking characteristics as 
’observed by him in tin were the very short period oscillations 
and their peculiar modulation. Regarding the modulations, 
Shoenberg noted that they had alternating cusp-shaped and 
flat maxima and minima and also that envelope of the minima 
was displaced from the mirror image of the envelope of the 
maxima by half a period of the modulating cycle. In spite 
of the fact that Shoenberg spent a great deal of time in 
understanding the shape and origin of these modulations, he 
found no satisfactory explanation for this strange feature 
in tin.
For metals which show de Haas-van Alphen effect, a study 
of galvanomagnetic and thermomagnetic effects is also very
ROuseful In order to corelate the different oscillatory phenomena.
?9shoenberg, D« 1952, Phil. Trans. A, 245. 891.
^E. M. Lifshitz and A. M. Kosevich, J. Phys. Chem. 
solids .4, 1 (1958).
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There has been a fair agreement as regards the periods of 
de Haas-van Alphen effect and the other oscillatory transport 
phenomena in a few metals investigated in detail. 81 But so 
far, there has been no direct experimental study made of the 
relative amplitudes and no theoretical investigation until 
the recent work of Lifshitz and Kosevich82 (as discussed 
before). They relate the amplitudes of the galvanomagnetic 
and thermomagnetic phenomena to that of the de Haas-van Alphen 
effect.
As there was no published data (except two curves of 
electrical and thermal magnetoresistance88) for the galvano­
magnetic and thermomagnetic effects in tin, we decided to 
grow a single crystal of tin and look for these oscillatory 
effects. The details of growing the tin crystal have already 
been discussed in Chapter II. In this chapter, the results 
of the study of Hall effect, electrical magnetoresistance, 
Ettinghausen-Nernst effect and thermal magnetoresistance in 
tin are presented. The temperature and angular dependence 
of magnetoresistance and Hall effect are discussed. A pre­
liminary report of this work has been sent for publication 
and is expected to appear8^ soon.
8lR. A. Connell and J. A. Marcus, Phys. Rev. 107. 940 
(1957).
82E. M. Lifshitz and A. M. Kosevich, op. cit.
88P. B. Alers, op. cit.
8îJ. M. Reynolds, K. S. Balain and C. G. Grenier, (to
appear in Bull. Am. Phys. Soc. Ser II V. 5 Jan. I960.)
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An attempt has been made to calculate (and so m*,
the effective mass) directly from the temperature and field 
dependence of the amplitudes of oscillatory magnetoresistance. 
The field dependence of gross Hall field, magnetoresistance, 
and so the conductivity tensors and ®21 has been investi­
gated fully and compared with ZilTberman's predictions.
II. Method of measurement;
The tin sample used here was in the form of a narrow 
strip, 11 mm long, 6 mm wide, and .34 mm thick. The current, 
Hall and magnetoresistance leads were all directly soldered 
to the crystal. The electric and thermal currents for the 
case of galvanomagnetic and thermomagnetic effects are of 
the order of 1.0 ampere and 3 to 5 milliwatts, respectivly. 
Following the conventions of Fig. 1, both currents flow in 
the direction of 1- axis. The Hall and Ettinghausen-Nernst 
voltages are measured in the direction of 2- axis using the 
two soldered junctions mm apart while the magnetoresistance 
Is measured in the direction of 1- axis using soldered 
junctions about 11.0 mm apart.
For all these experiments, the field was along the 
tetragonal axis except for the case where the main aim of 
the experiment was to study the angular dependence of the 
effect. The crystal was set on the flat bed of the luclte 
holder marked No. 1 (Fig. 5) and was held in position with 
the help of a lucite cover plate. As the tetragonal axis 
of the tin crystal was making an angle of 56° with the normal
67
of the crystal, the direction of the field was adjusted 
visually so as to be parallel to the tetragonal axis. Using 
the same technique as in zinc, I.e. for a fixed value of 
magnetic field, the field was rotated through a small angle 
in the neighborhood of tetragonal axis till we got a minima 
in the magnetoresistance. This set the field very precisely 
in line with the tetragonal axis. The same technique was 
used for all the galvanomagnetic and thermomagnetic experiments 
In tin.
The trace of the recorder gave a continuous record of 
various potentials as a function of increasing magnetic field. 
In some cases, this direct row data has been presented.
III. Experimental results and analysis:
A. Magnetoresistance
a. Results:- The zero field resistivity at low temper­
atures often serves as a convenient parameter for judging the 
quality of the crystal. Using the first order results of Block 
theory, the electrical resistivity is the sum of re­
sidual resistivity ^  due to scattering by static lattice 
defects and an ideal resistivity ^  , due to scattering by
the lattice vibrations. Then the total resistivity,
f (34)
where is independent of temperature and varies from specimen. 
Hence, smaller the residual resistance of a single crystal, 
purer is the crystal as regards impurities. To give an Idea
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of the purity of the samples used In this study, the ratio 
of the room temperature to the residual resistance (resistance
sample while for tin, the ratio was a little above 2000.
Fig. 12 gives a typical recorder graph of the magneto­
resistance potential for uniformly increasing magnetic field 
at 1.1K. This clearly shows the oscillatory nature of the 
magnetoresistance. These small regularly shaped oesillations 
are superimposed on a large monotic component. The size of 
the monotonic as well as the oscillatory component seems to 
Increase with the Increase in magnetic field. The exact 
nature of this field dependence is discussed in "cn. The 
crystal starts showing oscillations with a field as low as 
10.0 K. gauss. Also obvious is the fact that the period of 
oscillations is extremely small i.e. about 1/100 that of zinc.
Between the range 10-17 kilogauss, about one hundred 
oscillations have been recorded. This curve is taken with 
a current of 1.02 amperes passing through the crystal and 
with an amplication of 15 i.e. 15 divisions read 100 mllli- 
crovolts.
A comparison of this oscillatory magnetoresistance to 
other oscillatory effects such as magnetic susceptibility and 
thermomagnetic effects can very easily be made by comparing 
the various periods of oscillations in From theories
on these oscillatory effects discussed in Chapter I, this




period is given by ^*/E0 where is double Bohr magneton 
and E0 is the chemical potential. By plotting IT1 correspond­
ing to maxima or minima of the oscillations, it should give a 
straight line if the effect is periodic in H"1. This is 
clearly shown in Fig 13-1> where H"-*- is plotted correspond­
ing to maxima in the oscillatory magnetoresistance curve of 
Fig. 12. The x-axis of Fig. 13 represents the number of 
maxima on an arbitrary scale. Also, due to the fact that 
there are a large number of oscillations, we decided to plot 
every fourth or fifth oscillation.
The value of ^ J/E0 obtained from the straight line plot 
of Fig. 13-1 is 5*4 x 10" ? gauss” -̂. This is in good agreement 
with the period reported by Alers^ for electrical and thermal 
magnetoresistance and by S h o e n b e r g ^  for susceptibility oscil­
lations. Table III gives the summary of periods for different 
effects in tin as reported by various authors.
Referring to Alers^ published work for electrical 
magnetoresistance, one finds that the oscillations besides 
being small are highly irregular in shape and amplitude. Also 
the oscillations do not show up till the field is as high as 
22 Kllogauss. This may be either due to the fact that the 
sample used in the study was not very pure or the measuring
b . Alers, op. cit. 
D* Shoenberg, op. cit. 




























Periods of Different Oscillatory Effects in Tin 
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equipment was very insensitive.
b. Temperature dependence of the amplitude of oscil­
latory magnetoresistance:- The measurements made at several 
temperatures from 1.1°K to 4«2°K showed the amplitude of the 
magnetoresistance to be strongly dependent on temperature. 
This is evident from Fig. 14 which represents three actual 
magnetoresistance voltage curves at different temperatures. 
Going from left to right, the curves are taken at 4*2°K,
3.2°K and 2.2°K. In principle, we can easily study the 
temperature dependence of both the oscillations and the mean 
value of magnetoresistance. But, the study of mean value of 
magnetoresistance as a function of temperature is not too 
interesting and we would not therefore make any quantitative 
analysis of It. At the same time, the temperature dependence 
investigation of the oscillatory part is very useful because 
we can directly evaluate the value of 5̂* and thereby the 
effective mass m* (as ) of the carriers. Knowing
this value of and the period of oscillations $*/E0, the 
chemical potential E0 is obtained as shown below.
Using Eqs. (19) and (22), we find that up to first 
approximation, a plot log^ o-fy and T should give a straight- 




Table IV gives the values of amplitudes of the magneto­
resistance oscillations at four temperatures from 1.1K to 
4.2K for a field value of 17-6 Kilogauss. This set of data 
is taken from the recorder graph of Fig. 12. The plot of 
log and T is shows in Fig. 15. Using Eq. 35, was
found to be 16.5 x lCT2*-1 ergs gauss”-*-. This happens to be 
in close agreement with a value of 18.3 x 10”2  ̂ergs gauss”-*-, 
found by Shoenberg, while studying the magnetic susceptibility 
of tin for ^  -  \\ {where is the angle between the field 
and tetragonal axis). As mentioned before, our data is taken 
with rY — © . Using our values of and the period
E0 turns out to be 3.3 x 10“-*-3 ergs. Thus our temperature 
dependence study of amplitudes for magnetoresistance gives 
us two important physical quantities for tin as
c. Field dependence of gross and oscillatory magneto­
resistance:- Any complete theory of galvanomagnetic phenomena 
must explain the important question of the field dependence 
of the gross as well as the oscillatory part of the magneto­
resistance. For the temperature range of 1.1 to 4«2°K and 
field range of 4 to 18°K gauss, the mean curve of magneto­
resistance in tin is represented by
This is shown in Fig. 16, but Eq. {22} due to Zil^erman
= 16.5 x 10“2  ̂ergs gauss*"-*-. 




a) Data-1 for Temperature Dependence of the Oscillatory 
Magnetoresistance in Tin.
Temperature (T) Amplitude (a)
(in arbitrary units) 




3 .2°K 17.0 1.6701
2.14°K 27.0 2.5350
1.1°K 34.0 3.4311






(in arbitrary units) 
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predicts the r e l a t i o n V *  for the case when N-j_ * N2» However, 
a saturation is predicted for the case where N]_ / N2* Eq. (36)
is in reasonably good agreement with the results of Alers and
a a 1,66Webber58 who found ^ u °<J ^ for bismuth for the case
As for the oscillatory magnetoresistance, the same pro­
cedure was used as in zinc (Chapter IV). Using Eq. (22) i.e. 
Zil’berman’s expression for the amplitude of the oscillatory
term of magneto-resistance, we have /
-  Tl/i P H
(37)a. H  oc- 4. P H
where TT = T4* X and X stands for the Dingle temperature. But
■e
in case of tin, the best fit for a plot of log w and H"x 
was obtained with the value of c = 3/2. This is shown in Fig.
17 and the data again is from the curve of Fig. 12 taken at 
1.1K. is then calculated using the relation
r* in K T
P  =  l38)
Now adjusting this value of to be equal to the one
calculated from temperature dependence of amplitude, the value 
of Tf and hence x, i.e. the Dingle temperature, Is estimated 
for tin. The value of x turns out to be 2.2°K.
Dingle^^ has shown that such a correction term is to be 
expected if broadening of the energy levels due either collisions
^P. B. Alers and R. T. Webber, Phys. Rev. ^1, 1060 (1953). 
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or other causes is considered. Some experiments performed 
on de Haas-van Alphen effect in some alloys of tin with . 
mercury and indium support Dingle*s ideas and prove that x 
varies linearly with the residual resistance. It is clear, 
however, that collision broadening alone cannot account for 
the experimental values of x for pure metals and other causes 
of level broadening, such as the effect of the electric field 
of the crystal lattice, ect., must also be. considered.
d. Angular dependence of magnetoresistance:- Experi­
ments performed to see the angular dependence of magneto­
resistance revealed that the oscillatory part of magneto­
resistance is extremely sensitive to the crystal orientation
tiin the magnetic field. For ^  =- <\>o , the amplitude of
the oscillations reduced to about one-fifth of its value for 
-v *■$ Thus the oscillatory component was most pronounc­
ed for and almost completely disappeared for .
As regards the gross magnetoresistance, it was studied 
for a complete cycle of ,i.e. from 0 to 360°. A polar
diagram showing the magnetoresistance variation with the 
field angle is shown in Fig. 18. This set of data was taken 
at a constant magnetic field equal to 5*08 KG and at 1.1°K. 
This polar diagram was attempted to show the lack of 180° 
symmetry If any In the electrical resistance with a rotation 
of H. Fig. 18 shows that within the experimental accuracy,






a. Results;- Fig. 19 gives the raw recorder curve 
of Hall voltage at 1.1°K with an electrical current of 1.005 
amperes passing through the crystal. The distance between 
the Hall probes was of the order of 6 mm. By comparing Figs.
12 and 19, one can see that the Hall effect has very small 
oscillatory term. It is smaller by a factor of about four 
compared to the oscillatory component of the magnetoresistance 
under identical conditions, i.e. for the same field and ampli­
fications, etc. In fact, the same thing is true for thermo- 
magnetic effects also, i.e. Ettinghausen-Nernst effect has a 
very small oscillatory term compared to the thermoelectric 
power. This can be seen by comparing Figs. (23) and (24)
of next section.
By plotting H”1 versus the numbers of maxima from the 
data of Fig. 18 corresponding to the field orientation >
the value of the period of Hall voltage oscillations was 
obtained as
* 5.44 x 10“7 gauss-1
o
This Is In very good agreement with the values of other periods 
shown in Table III.
b. Field dependence of gross Hall effect;- Using 
BorovikTs notation, Zil^berman expresses his results regarding
g# Borovik, U. Exptl. Theoret. Phys. (U.S.S.R.) 30. 
262 (1954).
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6 = ,  ^  -
F - ' f t c + ^ o  (39)
The standard Hall co-efficient thus would be
F * _  -  ( N  -  N V \ ^
c ( 'Vx_t4 0  + e ^  H C n i-n o
These expressions are to complextoo compare with the 
experimental findings. However, we would try to make certain 
qualitative comparisions concerning the over-all behavior of 
the Hall voltage and the Hall angle.
Fig. 20 shows the way in which gross Hall voltage changes 
with H. Within the range of our magnetic field, i.e. up to 
18 kilogauss, a good straight line fit was obtained. It can 
then be said that
\.o
v w oo H  (41)
Now the conventional Hall co-efficient R is given by 
^ 1
d, ̂  d|
where d^ stands for the distance between the Hall probes.
Using Eq. (41) for V^, it becomes obvious that the conventional 
Hall co-efficient should experimentally be a constant quantity. 
This also follows from ZIl’bermanTs expression of R, (Eq. (40) 
because in the expression of (Eq. (22) the second term
-3- f ft ^ 1 \ and so can be neglected. This is validh o  V  E  J
86
because in case of tin e/e* is extremly small i.e. of the order 
of 5 x 10“? gauss”1.
Fig. 21 shows the variation of tan with H. It is of 
the form
\ .S*
ewi e*? W (42}
while the Zil’berman expression, i.e. Eq. (39) gives a linear 
relationship between tan 0 and H, assuming however that second
C )term in Zil,berman*s expression of ^ is negligible.
c. Angular dependence of Hall effect:- For the sake 
of completeness, the variation in Hall voltage was also studied 
as a function of magnetic field for a complete cycle of 360°.
A polar diagram showing the change in Hall voltage with the 
direction of the field is given in Fig. 22. Unlike similar 
polar diagram of the magnetoresistance, this shows an asymmetry 
about 180° axis. In fact, the Hall voltage shows an absolute 
minima for for the field parallel to tetragonal
axis. The asymmetry is due to the fact that for all orient- 
ations except o , there is a finite part of the magneto­
resistance voltage which is contributing to the Hall voltage.
C. Thermomagnetic effects
For the thermal experiments on thermoelectric power and 
Ettinghausen-Nernst effects the crystal holder (shown in Fig.
5) used for galvanomagnetic effects was again employed. The 
set up and the procedure of the experiments were exactly the 







































the order of a few milliwatts by passing an electrical current 
of 0.81 amperes between a soldered junction and a pressure 
probe at the lower end of the crystal. As before the field 
was parallel to the tetragonal axis in all these experiments.
Fig. 23 shows the raw recorder graph of thermoelectric 
power taken at 1.1°K. Out of all the galvanomagnetic and 
thermomagnetic effects observed in tin this effect has the 
smallest monotonic term. In fact, the monotonic term if any 
Is beyond the reach of present experimental accuracy. However, 
the oscillations are beautifully regular In shape with maxima 
and minima being mirror images of each other. The oscillatory 
thermoelectric power has rather a large field dependence as 
can be seen from Fig. 23.
Fig. 13-2 shows the straight line plot of the number of 
maxima versus H“  ̂for the thermoelectric power. The slope
of the straight line gives a period of
-1 -I
S .  S '  • *  o j <m * s s
This data is taken from the curve of Fig. 23•
Fig. 24 shows the actual recorder graph of Ettinghausen- 
Nernst voltage at 1.1°K. This effect was studied under the 
same conditions as that of thermoelectric power except that 
here the voltage is measured across the Hall probes instead 
of the magnetoresistance probes. By comparing Figs. 23 and 
24, one can easily observe that the oscillatory component of 













four as compared to the corresponding term in Ettinghausen- 
Nernst effect. By combining the results of thermomagnetic 
and galvanomagnetic effects, we have concluded that the 
transverse effects have a much smaller oscillatory term than 
the corresponding longitudinal effects.
The period of the oscillatory Ettinghausen-Nernst effect 
was calcul; ed tc be 5.4 x 10~7 gauss'"̂  and is in excellent 
agreement the periods obtained for other effects. Table
III gives t' -a /arious comparative values of the periods for 
different efi^jts.
Ideally speaking, the thermomagnetic experiments should 
be performed with the crystal in vacuum and not in the liquid 
helium bath. When the crystal is in liquid helium (as it was 
in above mentioned experiments), there is no way to tell how 
the heat dissipates along the length of the crystal, expecially 
when the experiments are performed at temperatures below 2.2°K 
where liquid helium becomes an extremely good heat conductor.
So the thermomagnetic experiments performed and discussed 
above are merely qualitative. This is the reason why we did 
not pursue the detailed analysis of the thermomagnetic results. 
The main aim in view in the experiments discussed above was 
just to see whether the thermal experiments in tin have oscil­
latory effects or not and if so, how far do their periods agree 
with those of the galvanomagnetic and the susceptibility 
oscillations.
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IV. Comparison of experimental results with Zil^erman^ 
theory;
From the results and analysis of tin as discussed already 
in the beginning of this Chapter, we saw that ZIlfbermanTs 
theory has been successful in explaining some of our experi­
mental results. This sounds Very encouraging because this 
Is perhaps for the first time that any theory has been found 
workable in explaining the results of galvanomagnetic and 
thermomagnetic experiments. In a summary form we will now 
discuss In a little more details the comparison of experi­
mental results in tin with Zil^erman’s theory.
1) Using Eq. (4) and (6), we have the expression for 
conductivity tensor as
* — ----------------  (43)
( \ -t- t.O«A, 4* )
simularly, we have
=■
but ^ 2-1 l_ ,
TTL L ^ A a .
^ I I
so 6̂ _v =    (44)
^ U ( 1 ■+■
Neglecting the small oscillatory term in Hall effect, 
the dependence of gross tan 0 upon H has already been calculat­
ed and is shown in Fig. 21. Thus using this data in Eq. (43) 
and (44), the dependence of H upon gross <o and is
evaluated. Up to a range of about IS K. gauss <5^ varies
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linearly with and it is evident from a straight line plo
of €" and H"1 shown in Fig. 25. But for ^  , a niceX. \ *
straight line plot is obtained by plotting 6"(v versus H~2
and this is represented in Fig. 26.
This is exactly what follows from Zil’berman’s expression 
of and i.e. Eq. (21a) and (21b). This is so because 
Zil’berman assumes the constancy of N (the number of carriers) 
and for the case of tin, the second term in the Zil’berman’s 
expression of V  (Eq. 22} can be neglected.
2) Regarding gross Hall voltage, we observed that it 
varies linearly with field H. As mentioned earlier, thus the 
conventional Hall effect R becomes a constant quantity as it 
follows from Zillberman,s theory also. Tan 0 was found to 
vary as y while Zil’berman’s expression for tan 0 (Eq. 23) 
predicts this as H2.
The fact that R should theoritically be a constant 
quantity has also been derived by Grimsal and Levinger^l using 
Blackman’s model. They assume that the number of carriers 
(N}_ and N2 ) oscillate with the field and thus they explain 
the oscillations in the observed galvanomagnetic effects.
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where Eo and Ji are constant. Neglecting the small oscillatory 
term, the Hall co-efficient R thus is predicted to be a con­
stant quantity.
3) Studying the variation of amplitude with temperature, 
we observed a marked increase in amplitude as the temperature 
was lowered (See Fig. 14)• According to Eq. (22) of Zil’berman, 
if *cl1 is the amplitude of the oscillations, a plot of log
and t  should be linear. This was found to be true (See Fig. 15).
The slope of this straight line gave the value of 33* as 16,5 x
—  ?0 —110  ̂ ergs gauss which is in good agreement with Shoenberg’s
value•
4) Once B* is known from the temperature variation of
amplitude, then we can check the form of the theoritically
predicted variation of amplitude with field. Using Eq. (22)
1/2 -1again, a plot of log a H ' and H should give straight line. 
But as shown in Fig. 17, we got a better fit with log a H^/2 
and H” .̂ Thus Landau’s expression i.e. Eq. 19 is found to be 
more adequate. Comparing this value of B* with the one cal­
culated from the temperature variation of amplitude, a rough 
determination of x i.e.’Dingle temperature was made. This 
value was estimated to be 2.2°K.
5) According to Zil’berman’s theory, there should be a 
phase difference of between the oscillations of the magneto- 
resistance and the Hall field. But in case of tin, this 
question could not be settled because of the extremly large 
number of oscillations to be considered. In trying to compare
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the two curves of Hall voltage and magneto-resistance oscil­
lations at a particular field, one thus can not be too definite 
as to which oscillation one is referring to. So the question 
of phase is still inconclusive.
6) Considering Zil’berman’s calculations of $\\ and tan 
0 i.e. Eq. (21) and (22), we find that if we are in a case 
where Nq “ N2, then resistivity ^  should increase in pro­
portion to H2 and the Hall field should be very smallo But 
for the case Nq 0 N2, the resistivity ^  should increase up 
to a saturation and the Hall field should change linearly 
with H. That, we are in latter case i.e. Nq / N2 for tin 
crystal is demonstrated by Fig. 16 and Fig. 20. Fig. 20 shows 
a linear increase in Hall voltage Vh with H while in Fig. 16 
a plot of resistivity versus H shows a tendency towards 
saturation. Thus from our results, we can conclude that for 
tin single crystal;Nq, the number of electrone in upper band 
is not equal to N2, the number of holes (or number of free 
states in lower band).
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Hexagonal close packed, c/a = 1*$5, c = 4.94°A, 
a = 2.66°A 
2} Crystal Size
20.0 x 6.0 x 0.34 mm
3) Crystal Orientation
Hexagonal axis is inclined at 44°.0 with the normal 
to the plane of the crystal, one of the linary 
plane makes an angle of 6° with the horizontal 
plane.
4) Probe Distance
Hall and Ettinghausen-Nernst 5*3 mm
Magnetoresistance and Thermoelectric power 12.0 mm
b) Tin Crystal:
1) Crystal Structure
Tetragonal body centered, c/a s 0.5455, a = 5*8199°A, 
c « 3.1749°A, with 4 atoms per unit tetragonal cell 
(000) (0 1/2 1/4) (1/2 1/2 1/2) (1/2 1 3/4)
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2) Crystal Size
11.0 x 6.0 x 0.34 mm 
3} Crystal Orientation
The tetragonal axis makes an angle of 56° with the 
normal to the plane and lay in the horizontal plane. 
One of the linary axis makes an angle of 6.5° with 
the vertical direction (the long side of the crystal).
4) Probe Distance
Hall and Ettinghausen-Nernst 5*6 mm




a) Numerical data for the calibration curve of the magnetic 
field
1 (amperes) H (gauss) 1 (amperes) H (gauss)
5.0 1683 13.0 4377
5.2 1750 13.2 4444
5.4 1818 13.4 4518
5.6 1885 13.6 4579
5.3 1953 13.8 4 64 66.0 2020 14.0 47146.2 2087 14.2 4781
6.4 2155 14*4 48486.6 2222 14* 6 4916
6.8 2289 14.8 4983
7.0 2357 15.0 5050
7.2 2424 15.2 5118
7.4 2491 15.4 51857.6 2559 15.6 52537.3 2626 15.3 5320
3.0 2693 16.0 53873.2 2761 16.2 5455
3.4 2828 vl 6. 4 55223.6 2895 16.6 55893.3 2963 16.8 56579.0 3030 17.0 5724
9.2 3097 17.2 5791
9.4 3165 17.4 5 859
9.6 3232 17.6 5926
9.3 3300 17.8 5993
10.0 3367 18.0 6061
10.2 3434 18.2 6128
10.4 3502 18.4 619510.6 35 69 18.6 626310.8 3636 18.8 6330
11.0 3704 19.0 6397
11.2 3771 19.2 6465
11.4 3838 19.4 653211.6 3906 19.6 659911.8 3973 19.8 6667
12.0 4040 20.0 6734
12.2 4108 20.5 6902
12.4 4175 21.0 707112.6 4242 21.5 7239
12.8 4310 22.0 7407
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1 (amperes) H (gauss) 1 (amperes) H (gauss)
22.5 7576 29.5 993323.0 7744 3 0 . 0 10101
23.5 7912 32.5 10960
24.0 8061 35.0 11700
24.5 8249 37.5 1244025.0 8417 4 0 . 0 13130
25.5 8585 45.0 142 80
2 6 . 0 8754 50.0 15270
26.5 8923 55.0 16000
27.0 9091 60.0 16550
27.5 9259 70.0 1730026.0 9428 80.0 17850
26.5 9596 90.0 (18250)29.0 9764
b) Numerical data for Fig. 9
N (maxima 1/H x 105 1/H x 105 1/H x IQ5
(gauss “■*•) (gauss"1) (gauss"1)
for 300 psi for 1525 psi for 2350
2 11.00 10.62 10.31
3 17.18 16.75 16.38
4 23.48 22.70 2 2 . 2 9
5 29.63 28.95 28.516 35.95 35.10 34.21
7 42.13 41.72 40.19
c) Numerical data for Ettinghausen-Nernst Voltage *V! at different pressures 
(Fig, 8): 22 arbitrary units read 10"*7 volts.
1 l/H x lO5 Vat Vat Vat Vat Vat
(amperes) (gauss“l) 2250 psi 2000 psi 1800 psi 1525 psi 300 psi
6.0 49.50 23.8 23.9 23.8 24.3 10.0
6.2 47.91 24.2 2 3 . 8 24.5 24.4 10.2
6.4 4 6 .4 0 24.1 24.2 24.7 2 4.4 10.06.6 45.00 23.6 24.0 24.3 24.5 10.1
6,8 43.69 23.6 23.8 24.2 24.6 10.1
7.0 42.43 24.0 24.2 24.5 24.3 10.2
7.2 41.25 24.5 24.5 24.6 24.7 10.2
7-4 40.14 2 4 . 6 24*4 24.7 2 4 . 6 9.9
7.6 39.06 24*4 24.2 24.5 24.3 9.9
7.8 38.08 23.6 23.8 24.3 24.1 10.0
8,0 37.13 23.4 23.6 24.0 24.1 10.1
8.2 36.22 23.9 24.2 24.9 24.7 10.3
8.4 35.36 2 4 . 8 24.6 25.0 25.3 10.3
8.6 34.54 25.2 24.8 25.2 25.1 10.1
8.8 33.75 2 5 . 2 24.7 25.0 24.7 9.9
9.0 33.00 24.7 24.2 24.6 2 4 .2 9.7
9.2 32.29 23.6 23.6 24.0 23.9 10.1
9.4 31.59 22.8 23.1 23.6 23.3 10.4
9.6 30.94 22.6 23.0 23.6 23.8 10.7
9.8 30.30 22.4 23.4 24.2 24.3 10.9
10.0 29.70 24.5 24*4 25.2 25 o4 10.7
10.2 29.12 2 6 . 0 25.0 2 6 .2 25.7 10.6
10.4 28.55 2 6 . 2 2 6 .0 2 6 .0 25.8 10.1
10.6 2 8 .0 2 2 6 . 0 2 6 . 0 25.8 25.5 9.7
10.8 27.50 25.4 25.2 25.5 25 o0 9.2
11.0 27.00 24.3 24.6 24.7 24.5 9.3
11.2 26.52 23.4 23.6 23.8 23.4 8.7
11.4 26.06 22.2 22.4 22.8 22.6 8.6
(Continued on next page)
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3 0 . 2 28.9
35.6 33.6
41.2 37.6
44 * S 4 0 . 646.2 4 2 . 0
4 6 . 4 43.3
46.9 42.8
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37.7 36.5 13.135 06 34.1 11.5
32.8 31.8 10.2
3 0 . 6 29.5 8.8
27.8 2 6 . 6 7.4















Fig. 13-2 (Thermoelectric pov;er)
N 1
(maxima) (amperes)






1/H x 106 
(gauss“l)
60.42 





















Sil x 10? 
Tohm-cm)
VH x 10 
(volts)
21 7.08 19.41 4 . 5 1
24 8.08 21.41 5 . 3 1
27 9.10 23.01 6 .1 530 10.12 24.82 6 . 9 8
33 11.13 26.67 7 . 7 236 12.00 28.41 8.49
39 12.87 29.87 9.10
42 13.65 31.28 9.74
45 14.28 32.74 10.41-48 14.88 33.88 10.93
51 15.41 34.99 1 1 . 2 6
54 15.87 35.95 11.67
57 16.23 36.95 12.0060 16.53 37.35 12.23
63 16.82 37.92 12 • 4466 17.04 38.41 12.65
69 17.24 38.89 12.8572 17.43 39.30 13.07
75 17.56 39.67 13.16




































Numerical data for Fig. 23 and Fig. 26
1/H x lO5 1/H2 x 10? ^11 x 10“9 ^21 x .
(gauss*"-*-) (gauss"2) (ohm-cm) (ohm-
14.12 19.94 20.7 2.53
12.37 15.21 17.3 2.2510.96 12.07 14.7 2.06
9.66 9.77 12.7 1.87
6.96 6.07 11.3 1.72
6.33 6.94 10.2 1.607.61 6.14 9.4 1.51
7.33 5.37 6.7 1.427.00 4.90 6.1 1.35
6.72 4.52 7.6 1.29
6.49 4.21 7.4 1.25
6.26 3.97 7.1 1.216.11 3.61 7.0 1,18
6.05 3.66 6.8 1.16
5.95 3.53 6.6 1.15
5.67 3.45 6.5 1.135.60 3.36 6.4 1.11
5.74 3.29 6.3 1.10
5.69 3.32 6.2 1.09
5.65 3.13 6.2 1.08
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